The photodissociation of diatomic sulfur, S 2 , in the region of the first dissociation limit is studied with velocity map imaging. Correlated fine structure distribution P(J1,J2) for the two 
INTRODUCTION
Diatomic sulfur is an important intermediate in combustion processes of sulfur-containing molecules, and in the chemistry of planetary atmospheres: for example, it arises from volcanic activity, 1 and emission from S 2 was observed in Jupiter's atmosphere after the impact of the Shoemaker-Levy 9 comet. 2 Spectroscopic signatures of S 2 have also been observed from cometary atmospheres 3, 4, 5 and dense molecular clouds. 6, 7 As a homonuclear diatomic molecule, S 2 photoexcitation and photoemission are limited by symmetry selection rules to electronic transitions occurring in the visible to ultraviolet (UV) region of the spectrum. In spite of its low chemical stability under standard conditions, the presence of S 2 can be monitored by emission arising from the optically allowed B 3 Σ u --X 3 Σ g -transition, which corresponds to the Schumann-Runge transition of the isovalent O 2 molecule.
This B -X emission band spans wavelengths in the UV and visible regions ranging from 250 to 700 nm. The ultraviolet absorption spectrum of S 2 shows an onset of predissociation at wavelengths shorter than ~281 nm, which marks the upper energy limit of the first (S( 3 P)+S( 3 P)) dissociation channel. From this onset, and knowledge of the spectroscopy, the bond dissociation energy D 0 can, in principle, be determined.
Potential energy curves derived from electronic structure calculations by Wheeler et al. 15 for the lower lying electronic states of S 2 are shown in Figure 1 . At large interatomic distances, the B 3 Σ u -state correlates diabatically to the second dissociation channel (S( In previous studies 15 of S 2 photoexcitation, line-broadening in the absorption spectrum, which is a signature of reduction in excited state lifetime caused by the onset of dissociation pathways, was used to deduce which PE curve(s) cause the predissociation of the B 3 Σ u -state. Such studies did not, however, provide information on the subsequent dissociation dynamics, and any predictions about the production of different fine-structure (J) states of the resultant S( 3 P J ) atoms could only be based on limiting case models of adiabatic or sudden dissociation.
Analysis of the rovibrational structure of the lower vibrational levels of the B state is complicated by perturbations, especially resulting from interactions with the bound B" 3 Π u state. 8 Many efforts have been made to perform deperturbation analyses, with the early work summarized by Barrow and Du Parcq. 9 Only after the supersonic free jet studies of Matsumi et al., 10, 11 in which transitions to the B and B" states were distinguished, was a full assignment of the band system possible. The system was theoretically studied by Pradhan and Partridge 12 in 1996, and a complete deperturbation analysis was subsequently performed by Green and Western. 13, 14 As a consequence of the strongly overlapping B and B" states, an accurate measure of the bond energy of S 2 remained elusive until 1968. Berkowitz and Chupka reported a value of 35326 ± 70 cm -1 from their photoionization study, 16 and around the same time Ricks and Barrow determined the limit by comparing the absorption and emission spectra of sulfur vapor to determine the onset of predissociation. 17 This value for D 0 has remained generally accepted, and was supported by the subsequent deperturbation analysis of laser induced fluorescence (LIF) spectra of S 2 B/B" -X band systems in a molecular beam by Green and Western. 13, 14 A detailed examination of the region around the dissociation limit found a cut off in fluorescence in two of the highest vibrational levels of the B" state at an energy consistent with the earlier D 0 value 14 Levels with short fluorescence lifetimes were, however, observed above this dissociation threshold, including two that were assigned to the B" state. Such an assignment is only possible if the B" state correlates to a dissociation limit higher than the (2,1) asymptote expected from application of the noncrossing rule for states of the same symmetry. This, and further spectroscopic evidence, led
Green and Western to propose correlation of the Ω = 0 + , 1 and 2 components of the B" state to the 3 P 2 + 3 P 0 (i.e., (2,0)) dissociation limit. The later study by Wheeler et al. 15 investigated the levels of the B state above the first dissociation limit, measuring linewidths for v' = 10−19 in the range 1 to >20 cm -1 by cavity ring down spectroscopy (CRDS). The experimental linewidths were used to derive excited state lifetimes, and interpretation of the data was supplemented by modelling of the predissociation rates, aided by ab initio calculation of potential energy curves of u symmetry correlating to the S( 3 P) + S( 3 P) dissociation limit. In the present work, the photodissociation of S 2 is studied by direct detection of the S( 3 P J )
products using the Velocity Map Imaging (VMI) technique. 18 The opportunity that VMI offers to specify the observed photoproduct channel has led to several surprising results regarding the total kinetic energy release (TKER) of the nascent atoms. Most notably, we present a revised value of the bond dissociation energy that is unambiguously derived from the TKER data. In O 2 , photodissociation takes place at wavelengths shorter than 242 nm through the electricdipole forbidden Herzberg continuum. Electric-dipole allowed electronic transitions to bound states are only observed at wavelengths below 200 nm, at which energies the B state is reached.
The B-state vibrational levels undergo predissociation to the first dissociation limit. 27, 28 In S 2 , the B-state levels extend below the first dissociation limit, and electric-dipole allowed transitions to these dominate the absorption spectrum. These bound levels of the B-state are mixed with levels of the B" state, but, as we show in this study, photoexcitation of B / B" levels of S 2 above the dissociation limit does not appear to dominate the dissociation process, although the levels are known to be excited in absorption and predissociative in character. In addition, absorption to a continuum, possibly the Herzberg continuum of S 2 , allows competitive but direct access to the lowest dissociation channel.
EXPERIMENTAL
The velocity map imaging setup used in this study has been described in detail elsewhere. 18 Neutral S atoms were ionized using the frequency doubled UV output of a dye laser (Spectra Physics PDL-2) pumped by 532-nm light from an Nd:YAG laser (Quanta-Ray DCR-3). The dye laser operated with Rhodamine 6G and DCM dye mixtures, and the UV laser beam was focused ~1 cm away from the molecular beam with a 10-cm focal length lens. Product S-atom detection by (2+1) REMPI required a tight laser focus. Detectable levels of signal were only found if the S 2 dissociation laser was also loosely focussed to a similar volume. For an allowed one-photon transition this will lead to some degree of power broadening, especially of the strong B(v') − X transitions. Experiments were conducted under very similar conditions to our previous study of SH radical photodissociation, 29 for which states of similar lifetime to the predissociating vibrational levels of the B-state of S 2 were easily mapped out without undue power broadening by scanning the dissociation laser wavelength.
The high power levels may also encourage absorption to a relatively weak continuum, as discussed later.
Two different gas mixtures, 20% OCS or 20% H 2 S in Ar, were used to produce S 2 . The selected gas mixture passed through the nozzle with a backing pressure of ~1.5 bar, forming a supersonic expansion into the vacuum chamber. The expanding gas pulse passed through a ~+1000 V open discharge ring located 2-mm downstream from the nozzle In the OCS / Ar discharge, the background production of S atoms was large, so in the current study, H 2 S / Ar mixtures were mainly used. The discharge voltage was set at -1000 V in our previous study of SH photodissociation; in the present work, however, a positive voltage was found to form more S 2 and minimal amounts of SH.
Raw images were Abel inverted using the Gaussian basis sets of the BASEX inversion program 30 to obtain slices through the 3-D velocity distribution. In order to extract information on the S( 3 P J ) electronic angular momentum polarization, images were obtained for a variety of pump-probe laser polarization geometries. These involved the regular, linearly polarized laser geometries used to extract alignment parameters of rank K = 2, and labelled HH, VH and VV according to the polarization of the pump and probe lasers lying parallel (H) or perpendicular (V) to the image plane. In order to correct for detector efficiency, all VH and VV images were point-wise divided by the HH image, which should give a spatially isotropic distribution.
Atomic polarizations, evaluated in terms of m J -state population distributions, were calculated using a least-squares fitting method following the formalism of Mo and Suzuki. 31 Careful calibration to relate radial position in the CCD image to product velocity is an essential component of this study. The factor f for converting ring size in camera pixels to velocity in m/s for VMI 18 is given for our apparatus by f ~ 1.20Δx/Δt, depending slightly on the positions of the laser beams. The most precise calibration was found using one-color S( 3 P 2 ) images, for which the laser operating at the S( 3 P 2 ) REMPI wavelength causes both S 2 dissociation and S-atom detection. In these images, rings were observed for all three J states of S( 3 P J ) arising from twophoton excitation of S 2 , followed by dissociation to the first, second, and third dissociation limits, S( 
RESULTS

Near-threshold dissociation: excitation wavelengths between 280.5 and 272 nm
Velocity mapped S( A plot of the dissociation laser photon energy against the measured peak TKER value for S( 3 P J ) atoms should give a straight line with slope 1 and an intercept corresponding to the S 2 dissociation energy. Plots for J = 2, 1, and 0 detection are presented in Fig. 5 ; in each case, the co-fragment is an S( 
Figure 5. Plots of photolysis laser photon wavenumber against photofragment TKER for S( 3 P J ) products of S 2 photodissociation at wavelengths from 266 -281 nm. Extrapolation to TKER = 0 is used to determine the S 2 bond dissociation energy. Detection of S( 3 P J ) with J = 2, 1 and 0 is indicated by squares, circles, and triangles, respectively, and the co-fragment is S( 3 P 2 ).
Dissociation at 269.3 and 266 nm
Two separate types of measurements were carried out at photon energies higher than the nearthreshold experiments described above. In the first measurements, S 2 dissociation and S( 3 P) ionization were carried out with a single laser tuned to wavelengths around 269.3 nm, which is two-photon resonant with the S atom 3s 2 3p 3 ( 4 S˚)5p S( These images were analyzed using the pixel to velocity calibration factor determined above.
The TKER values for the various dissociation pathways confirm the revision of the bond dissociation energy discussed in the preceding section. The peaks observed are mainly caused by photodissociation of S 2 (v"=0) to the (2,1) limit and S 2 (v" = 0, 1, and 2) to the (2,2) limit.
Dissociation of S 2 (v" = 0) to the (2,0) channel was not resolved in the J = 2 images, but a series of peaks corresponding to photodissociation of S 2 (v" = 0 − 6) is observed in the J = 0 image at a photolysis wavelength of 266 nm, with an intensity oscillation that is most likely to result from variation in Franck-Condon overlap at the fixed dissociation wavelength. The observation of photodissociation of vibrationally excited S 2 is not surprising when using a discharge source.
Production of vibrationally excited species has been reported previously in studies using pulsed electric discharge sources of the type employed in this work: for example, a vibrational temperature of 1700 K was derived for OD production from a D 2 O/Ar mixture by Radenović et al. 33 
Dissociation at wavelengths across the B(v'=12) − X band
For the set of images taken at wavelengths between 280.5 and 266 nm, no significant differences in total signal strength were observed as the dissociation wavelength was varied,
i.e., the image intensities were largely independent of whether the photolysis laser wavelength was tuned on-or off-resonance with a B(v') -X absorption band (Fig. 2) . v'=10 in the (2,2) channel, v'=11 in the (2,1) channel, and for v'=12 for all channels as seen in more detail in Fig. 7 . Thus, while the total yield is found to relatively insensitive to the strong B(v') peaks in the absorption spectrum, the angular distributions for the three channels do appear to be sensitive to resonance with B(v'), but in a complex manner. (Fig 6a) ).
Figure 8, Wavelength dependence of β-parameter values (upper panel) and branching ratios (lower panel) for the (2,2), (2,1) and (2,0) channels. Vertical shaded stripes indicate the positions of the B(v') levels (see Figs. 2 and 7) Note that the (2,0) channel β-parameter for
nm dissociation was not obtainable from the S( 3 P 2 ) image due to overlap
The lower panel of Fig 8 shows 
Calculation of m j -level population distributions
Angular distributions obtained in the images for VV, VH and HH polarization combinations were compared to derive information on electronic angular momentum polarization in the S( The results of the least-squares fitting procedure to the experimental data are presented in Fig. 9 for S( 3 P j ) detection with an S( 3 P 2 ) co-fragment. The general trend is that all three m J levels are significantly populated, with some marked variations at particular excitation energies, notably at 36475 cm -1 and, to a lesser extent at 36535 cm -1 .
DISCUSSION
A first general observation for the photodissociation of S 2 is that the yield of S( 3 P) atoms is relatively constant across the dissociation continuum, whereas the absorption spectrum shows structure caused by excitation to predissociative levels of the B-state, as shown in Fig. 2 . The lifetimes of these B-state levels 15 are typically much shorter than the few-nanosecond timescale for the current measurements of S atom production. The onset of photodissociation to yield exclusively 3 P 2 + 3 P 2 S atoms at the lowest energy asymptote is at 35636.9 cm -1 above the lowest rotational level of the ground state; a revision of the value of the bond energy is thus indicated, and supported by the TKER measurements for the photofragments. The consequences for interpretation of the S 2 spectrum in the near-threshold region are also discussed below. The S( 3 P) yields, and their near-invariance with excitation wavelength, suggest that an important contribution from direct dissociation occurs via excitation to a continuum, but we also note that other signatures of the photodissociation dynamics, such as product recoil angular distributions, branching ratios between competing channels, and m J -level population distributions, show some evidence of dependence on whether the dissociation wavelength is resonant with a B(v') − X(v"=0) transition of S 2 . For example, in Figure 8 , the data for the three observed dissociation pathways show clear oscillations in the β-parameter and slow variations in the channel yields, particularly at energies that are nearly resonant with B(v') − X(v"=0) transitions. In Figure 9 , the observed change in the m J distribution at 36475 cm -1 coincides with the absorption peak for the B(v'=12) − X(v"=0) band.
D 0 value and predissociation of the S 2 B-state
The current study demonstrates a need for a revision to the bond energy for S 2 . We recommend the value D 0 = 35636.9 ± 2.5 cm -1 , taken from the spectroscopic data 17 re-interpreted to be consistent with our TKER-derived value of 35616.1 ± 8. 
Adiabatic model for photodissociation, and non-adiabatic dissociation dynamics
Photodissociation of S 2 has been examined here from the S( 15 The 1 1 Π u state correlates exclusively to the (2,1) atomic limit (Fig. 10) . As was shown by the FGR calculations, the onset of predissociation by higher lying repulsive states does not become significant until v' ≥ 17.
At wavelengths below 276.3 nm, the 3 P 2 + 3 P 0 channel becomes energetically accessible, and features observed in the velocity map images are assigned to this channel. As is evident from Π u state to one or more states correlating to the (2,0) limit.
In the current study, detailed investigation of the (1,1) and (1,0) product channels was not undertaken, but Fig 6(c) shows evidence for modest branching into the former channel. As is evident from the correlation diagram shown in Fig 10, these products must also arise from a non-adiabatic dissociation mechanism at the low energies above threshold resulting from the excitation wavelengths used.
Direct dissociation via a continuum
The near invariance of yields of S atoms with excitation wavelength (e.g. Fig. 7 ) demonstrated by our data indicate that predissociation from the B state is not the sole source of S (  3 P) products. Instead, it appears that direct excitation to a continuum provides a significant fraction of the product signal, with the bands displayed in Fig. 2 located on top of this unstructured absorption feature. Such an underlying continuum would not have been clearly discernable in the absorption spectroscopy data obtained by CRDS in this wavelength region, nor could continuum absorption have been readily distinguished from light scattering losses by sulfur particulates formed under the flow-discharge conditions used to produce S 2 for these spectroscopic studies. In addition, as discussed in the experimental section, the laser powers used for excitation in the current study are relatively high for single photon transitions, so the continuum absorption could be significantly weaker than the B state absorption yet still contribute to our measurements.
Two explanations can be proposed to account for continuum absorption. The first possibility is excitation to the repulsive regions of the bound Herzberg states, above the dissociation limits of these states. As can be seen in Fig. 1 36 reported β values between 0.3 and 0.8 depending on the wavelength and atomic product channel. These observations for O 2 are broadly similar to our findings for velocity map images for S 2 photodissociation obtained at excitation energies below the appearance of the 3 P 2 + 3 P 1 channel (see Fig. 8 ) The second possible explanation for the continuum absorption in S 2 data invokes excitation to the repulsive wall of the bound B" 3 Π u state. While weaker than absorption to the B state, the B"−X transition is electric-dipole allowed, and good Franck-Condon overlap with the S 2 X(v"=0) vibrational wavefunction is expected in the region of the second dissociation limit.
Direct excitation to the B" continuum, should, however, result in recoil velocity angular distributions characterized by β = -1 (for a perpendicular Σ−Π transition).
m J level populations
The adiabatic correlations presented in Fig. 10 can be extended to incorporate analysis of the m J populations displayed in Fig. 9 have odd L. The assignments of these quantum numbers to all ungerade states that correlate with the 3 P + 3 P limit are given in Table I In the analysis below, we consider states that can be reached from the X 
4.a The 3 P 2 + 3 P 2 limit
For this limit, the asymptotic forms of the ungerade adiabatic states are given in Table 1 of ref.
38. The J = 2 |m J |= 0, 1, 2 populations p m derived from these wavefunctions are presented in Table 1 . atomic state, resulting in p 1 (J=2) = 1.00, and for the 2 u state we find p 2 (J=2) = 1.00.
4.d Comparison of experimental results with the predictions of the adiabatic model
The experimentally derived |m J | populations shown in figure 9 for the (2,2) and (2,1) dissociation channels exhibit broadly similar outcomes, with significant population of all three sub-levels. As Table 1 Likewise, the population of |m J | = 2 sub-levels at particular excitation energies implicates nonadiabatic dynamics via the Ω = 2 component of this state. As stated previously, the allowed perpendicular transition to the B" 3 Π u state can produce 2 u states.
CONCLUSIONS
The photodissociation of diatomic sulfur from its electronic ground state was studied at wavelengths from near threshold at 208.5 nm to 266 nm using velocity map imaging.
Information derived from speed distributions of the S( Various pieces of experimental evidence from wavelength dependence of photofragment yields, branching ratios and anisotropy parameters suggest, however, that there is also an underlying excitation to a continuum that contributes to the formation of S atoms. A mechanism is proposed that involves direct excitation to the repulsive walls of one or more of the bound 
